The early stages of left ventricular (LV) dysfunction account for a much larger proportion of the population with heart disease than that with clinical heart failure. However, LV dysfunction is more difficult to diagnose than established heart failure, and because of this it is not usually treated. Research on LV dysfunction is commonly conducted in small animal models in which the cardiac pathophysiology is dissimilar to that in humans, thereby restricting translation. This study aimed to use a novel pig model of mild to moderate early ischemic LV dysfunction to assess the effects of such dysfunction in the myocardium. Methods: Multiple areas of controlled microinfarcts were created via microembolization using embolization beads, with invasive hemodynamic and transthoracic echocardiographic assessment of LV function. Four weeks after intervention, the hearts were explanted for determination of the infarcted surface area and analysis of calcium regulatory proteins. Results: In vivo hemodynamic measurements confirmed a .25% decrease in LV dP/dt (maximum and minimum) with creation of microinfarcts compared with baseline, whilst echocardiography showed mild to moderate LV dysfunction. Perioperative mortality was 10%-15%. In surviving pigs, morphometry at 4 weeks confirmed that up to 20% of the total LV surface area contained microinfarcts. Western blot analysis showed alterations in levels of the calcium regulatory proteins, sarcoplasmic reticulum Ca 2+ ATPase and sodium-calcium exchange, in infarcted areas, compared with normal LV tissue from the same animals.
Introduction
Over the last decade, use of disease-modifying therapies (angiotensin-converting enzyme inhibitors, angiotensin II receptor antagonists, beta-blockers, and aldosterone antagonists) has led to some improvements in the morbidity and mortality associated with heart failure. However, most of these therapies aim to modulate the neurohumoral pathway. Research into the molecular mechanisms involved, using mainly small animal models, has identified the importance of calcium dysregulation in the pathogenesis and progression of heart failure. [1] [2] [3] However, translational clinical application is often limited, mostly because of the dissimilarities in the pathophysiology between these models and humans. Some research is now being performed in large animal models, where the pathophysiology is more similar to that of humans. However, most current large animal models of heart failure use either pacing or surgical ligation of an artery to inflict clinically advanced heart failure. For ischemic left ventricular (LV) dysfunction, three different modalities may be employed, ie, induction of a single large myocardial infarction (MI) due to arterial occlusion, eg, the circumflex artery occlusion model, 4, 5 chronic coronary artery stenosis with surgical placement of aneroid bands allowing reversible hibernation/stunning-related LV dysfunction, and LV dysfunction due to widespread microemboli/ microinfarcts. 6 Other models of LV dysfunction have been described, such as diastolic dysfunction secondary to renal hypertension. 7 Therefore, current models usually have clinically advanced LV dysfunction with debatable etiological significance, ie, representing only a fraction of the clinically relevant pathology, such as single artery occlusion or ligation, rapid ventricular pacing, and injection of cardiotoxic agents. To date, only the sheep model features widespread ischemic injury and loss of myocardium, which is one of the most common forms of clinical heart failure, to induce such LV impairment. 8, 9 However, this too results in establishment of clinically advanced heart failure. Moreover, the pathophysiology of the sheep model is yet to be characterized fully.
We aimed to establish a reliable, reproducible, and temporally stable pig model of mild to moderate early ischemic LV dysfunction by inflicting multiterritory microinfarcts using the technique of microembolism. Use of the pig model for cardiovascular research is already well characterized. [10] [11] [12] [13] [14] This model has recently been used for translational research by offering insights into the pathophysiology of early dysfunction and analysis of developing therapies aimed at preventing progression to established advanced heart failure whilst also allowing for translational "bench-to-bedside" research in early heart failure.
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Materials and methods
All animal experiments outlined in this work were performed according to current UK Home Office regulations and with the approval of the relevant University of Manchester local ethics committee. All the work was overseen by a trained veterinary surgeon as per the institution's regulations. Premedication included aspirin 75 mg/day for 48 hours, and this was continued for the duration of the study.
Anesthesia and perioperative monitoring
The pigs were not fed for 24 hours prior to the procedure. Anesthesia was induced by inhalation (halothane 3%-4%) only. Each animal was placed in the appropriate position, intubated, anesthetized with a mixture of 1.5% halothane (Trofiels, Zug, Switzerland) and 98.5% oxygen (CFPO, Paris, France), and ventilated for the duration of the procedure. End-tidal CO 2 levels were measured continuously and maintained between 26 mmHg and 36 mmHg with a monitor (N1000, Nellcor, Pleasanton, California). Peripheral arterial oxygen saturation, maintained at a level higher than 95%, was monitored with an appropriate ear probe. An electrocardiogram was used to monitor each animal continuously during the procedure, and transthoracic echocardiography was performed before and after each embolization procedure.
Preparation of beads/microspheres for embolization
Commercially available embolization beads/microspheres (200-500 µm diameter) were supplied sterile in syringes. Beads were prepared as per the manufacturer's protocol (Biocompatibles Ltd, Farnham, UK) and 0.25 mL of the solution was initially diluted with heparinized Ringer's lactate solution to a total volume of 1 mL, which was then agitated for a few minutes. Thereafter, 0.1 mL of this solution was drawn into a 1 mL syringe and diluted to a 1 mL volume with Ringer's lactate solution immediately prior to intracoronary infusion. The volumes of the 200-500 µm diameter beads used for initial experimentation to determine a sublethal outcome were 1000 µL, 500 µL, 300 µL, 200 µL, and 100 µL doses of microspheres.
Creation of MI to establish LV dysfunction
Twenty-four white Yorkshire pigs (14-18 kg) underwent embolization procedures to determine a suitable dose for achieving MI. A right carotid artery puncture was performed and a 6-8 French vascular sheath was put in place. Embolization experiments were carried out on the right coronary (n = 3), left anterior descending (n = 3), diagonal (n = 3), circumflex (n = 3), and obtuse marginal (n = 3) arteries. Following embolization with an optimal sublethal dose (200 µL), the end point of such initial experimentation was defined as survival with recovery to 4 weeks. Thereafter, selective catheterization of the left anterior descending artery was performed using a guide catheter, and a coronary angiogram was obtained prior to placement of an angioplasty wire and catheter (n = 6). Selective embolization of the beads/microspheres was then performed in order to create microinfarctions, as guided by the electrocardiogram, transthoracic echocardiogram, and invasive hemodynamic measurements. Finally, an angiogram was repeated before the end of experimentation to confirm that the major epicardial arteries were unobstructed, and an appropriate dose of submit your manuscript | www.dovepress.com Dovepress Dovepress analgesia was administered (2.5 mg buprenorphine). At the end of the experiment, all equipment was removed, hemostasis was secured, and the animals were allowed to recover fully for the planned duration of the experiment.
Echocardiographic assessment of LV function
A transthoracic echocardiograph machine (Accuson, Siemens, Johannesburg, South Africa) and probe were used to quantify the degree of acute mild LV dysfunction (at the time of embolism/infarction), compared with baseline (normal) function. General Electric Echopack software for Windows 2008 (General Electric, Louisville, KT) was used to analyze the LV areas in apical long axis views to calculate LV ejection fraction (EF) and therefore LV function. Echocardiographically moderate LV dysfunction was defined as an EF (LVDA-LVSA/LVDA × 100) of 30%-40%, with an EF of 40%-50% defined as mild LV dysfunction (LVDA, left ventricular diastolic area; LVSA, left ventricular systolic area). LV function was also reassessed at 4 weeks.
Animal welfare
The overall health and well-being of each animal was monitored daily for clinical signs of heart failure until the end of the study. Prior to euthanasia, transthoracic echocardiography was repeated on each animal. The animals were sacrificed at 4 weeks post procedure by lethal injection with intravenous pentobarbital (18% solution). After excision, the whole heart was placed in a kidney dish containing sterile normal saline for immediate assessment.
Pathological and histological evaluations Gross pathology
The presence of epicardial area(s) of infarction was identified in each explanted heart. The gross pathology of the heart was photographed, and semiquantitative morphometry was subsequently performed. For comparative analysis, the total infarction area was represented as a percentage of the total area of the LV free wall which was visible. Thereafter, the heart was dissected and the three areas of interest in the LV free wall were identified as the LV apex, mid LV, and base of the LV. For each area, the presence and absence of MI was identified and 5-10 mm blocks of full thickness tissue samples were dissected. LV myocardial tissue samples were then processed for histology or snapfrozen for protein analysis. For each of these samples, a description was provided, including full thickness MI, partial thickness MI, or normal myocardium.
Preparation of histological sections for hematoxylin and eosin staining
The specimens were fixed in 10% neutral buffered formalin for 24 hours, dehydrated in a series of alcohols, set in xylene, embedded in paraffin, and 3-4 µm sections were cut for microscopic analysis. Each section was stained with hematoxylin and eosin and examined under a light microscope (Leica DM5000).
Assessment of calcium regulatory proteins
Tissue was obtained from at least three areas within the LV myocardial free wall, ie, areas with infarction/microinfarcts, areas surrounding the infarction/microinfarcts (border zone), and distant areas. Samples were immediately snapfrozen. Western blot analysis was performed to investigate differences in expression levels for various calcium regulatory proteins, ie, sarcoplasmic reticulum calcium ATPase (MA3-919, Affinity Bioreagents, Golden, CO), sodium-calcium exchanger (11-13, Swant, Marly, Switzerland), phospholamban (05-205, Millipore, Billerica, MA), calcineurin (556350, BD Pharmingen, San Diego, CA), and calsequestrin (06-382, Millipore). A goat anti-mouse horseradish peroxidase secondary antibody (P0447, Dako, Fort Collins, CO) was used to visualize bands. Bands were quantified by densitometry using Quantity One software (Bio-Rad Laboratories, Hemel Hempstead, UK) and normalized to GAPDH (8-GAPDH-h, Advanced ImmunoChemical, Long Beach, CA).
Statistical analysis
The results are expressed as the mean ± standard error of the mean. The Student's t-test or one-way analysis of variance with the Bonferroni post hoc test for multiple comparisons was performed. Statistical significance is denoted as follows: *P , 0.05, **P , 0.01, ***P , 0.001.
Results
Induction of sublethal MI
Initial experiments (n = 24 pigs) were aimed at identifying the sublethal dose of microspheres that could be used in the porcine coronary circulation. The 300-1000 µL doses resulted in more than 80% mortality within 30 minutes of infarction. Only use of the 200 µL and 100 µL doses of microspheres was not associated with a lethal outcome (,15% mortality), and use of the 100 µL dose of microspheres was associated with little clinical evidence of MI (0% mortality). We confirmed that a 200 µL dose of microspheres was sufficient to induce sublethal infarcts without occluding the major epicardial coronary arteries. In addition, such experimentation also identified the diagonal and obtuse marginal branches of the left coronary system as suitable for induction of sublethal MI/microinfarcts in the LV muscle, whilst the injections in the branches of the right coronary artery did not show any MI/microinfarcts in the LV muscle.
In spite of the above initial experimentation, which clarified the dose of microspheres required and the relevant coronary artery branches to achieve reproducible but sublethal MI/microinfarcts, the mortality rate related to actual MI remained at 10%-15% in all the subsequent experimentation.
Mild to moderate ischemic LV dysfunction
Thirty minutes after induction of MI, transthoracic echocardiographic assessment confirmed a decrease in estimated LVEF (P , 0.001 compared with pre-MI LVEF, n = 6). LV function was confirmed to be still in the range of mild to moderate impairment compared with baseline. Assessment of EF repeated at 4 weeks after induction of MI showed results similar to those obtained at 30 minutes post-infarction (Figure 1 ). The percentage difference in EF post-MI compared with baseline EF was in the range of 17%-18%.
In vivo hemodynamic assessment of dP/dT after induction of MI Hemodynamic measurements 30 minutes after onset of MI confirmed a more than 25% decrease in LV dP/dT (maximum and minimum) compared with baseline ( Figure 2 ). 
Histomorphometric assessment of MI
Gross examination confirmed the presence of MI/ microinfarcts ( Figure 3A and B) . Mean total infarct area, expressed as a percentage of total LV surface area, was calculated as 19.4% ± 6.5% (n = 6). Histological assessment by hematoxylin and eosin staining showed areas of microinfarcts adjacent to areas of normal myocardium ( Figure 3C ).
Assessment of calcium regulatory proteins
Histological analysis of sections stained with hematoxylin and eosin revealed an absence of tissue reaction to the beads. Western blot analysis of calcium regulatory proteins showed a decrease in expression of sarcoplasmic reticulum Ca 2+ ATPase, calsequestrin, and sodium-calcium exchanger (80 kDa isoform) in full thickness infarct tissue from the LV when compared with normal LV. There was no change in expression of phospholamban and calcineurin in the infarcted areas compared with normal myocardium obtained from the base of the heart (Figure 4 ).
Discussion
We have successfully refined the reliability, reproducibility, and temporal stability of a pig model of mild to moderate early ischemic LV dysfunction by inflicting infarcts/ microinfarcts using the technique of multiterritory microembolism. The results reported here indicate changes in calcium regulatory proteins relating to early LV dysfunction, with characterization of these changes in the areas of MI. Overall, these results demonstrate the usefulness of this model for investigation of precise molecular and cellular changes associated with early mild to moderate LV dysfunction from ischemic injury, and its potential use for modulating these changes with the aim of achieving functional reversibility in the myocardium.
Use of current model of HF
Having successfully established a reliable and reproducible pig model of early mild to moderate LV dysfunction using a microinfarction technique, this model will be useful for investigating molecular, cellular, and functional changes in early reversible LV dysfunction. It is predicted that the currently described model will offer insights into novel calcium-related and other cellular mechanisms involved in early LV dysfunction and what precisely within the myocardium may determine functional/structural recovery. The model will allow more clinically relevant pathophysiological translational research helping to answer basic but important questions such as, do specific therapies in current use help submit your manuscript | www.dovepress.com Dovepress Dovepress include genetic manipulations of the calcium dysregulation processes and/or use of appropriate stem cell therapies for reversing LV dysfunction. Indeed, recent work in our laboratory has used the model described in this study to investigate the effects of encapsulated genetically modified mesenchymal stromal cells on myocardial recovery following MI. 15 Likewise, unlike the model of large MI due to occlusion of a large epicardial artery, the potential advantage of using the microinfarction technique with multiple but small MIs would be to assess the hypothesis of any potential paracrine benefits derived from corrective therapies aimed at regenerating or repairing the myocardium via such strategies. This might be particularly relevant for gene therapies and/or stem cell therapies delivered at the site of MI.
The current model is applicable only to ischemic heart failure and not to other forms of heart failure. It also has the limitation that in this model the only diseased artery with associated myocardial injury/damage is the index artery territory and the other two are normal, unlike clinical cases where multiterritory ischemia/infarction leading to LV dysfunction involving two or three main arteries is more common. 
